ABSTRACT: An intensive study of pelagc primary production and microplankton community respiration was carried out during an entire upwehng season in the Ria de Vigo (NW Spain). From April to November measurements of oxygen production and respiration using the hght-dark bottle technique were made twice a week at the surface. l % Light depth ( l % LD, 12 r 4 m) and 40 m (8 m above sea floor) alongside routine physical, chemical and biological measurements. During the major part of the survey period intermittent intrusions of cold, nutrient-rich upwelled water were observed In the ria with a periodicity of about 2 wk. Rates of gross primary production (GPP) were high but variable averaging 37.3 + 30.7 pM O2 d-' and 3.6 + 4.8 pM O2 d-' at the surface and l % LD respectively over the period of survey (n = 50). Rates of dark community respiration (DCR) were also high and variable with maximum values being observed in the surface layer where the seasonal average was 12.2 * 9.8 pM O2 d-l. At the l % LD and 40 m, DCR averaged 5.3 + 4.4 and 2.8 * 3.0 I.IM O2 d-l respectively. Although seasonal average and maximal DCR (up to 46.5 pM 0, d-l) were among the highest reported for coastal areas, microplankton production over the period of survey was dominated by autotrophic processes. Respiration losses by the microplankton community in the euphotic zone represented on average 43 % of estimated mean seasonal water column GPP (2.1 to 2.7 g C m-' d-l). Net heterotrophy in the aphotic layer consumed the equivalent of a further 25% of estimated water column GPP. The degree of coup h g between primary production and respiration was primarily controlled by upwelling. Dunng upwelling events respiration was generally low in the water column but it increased as a linear function of chlorophyll a concentrat~on (R2 = 0.55. n = 13) and GPP (R2 = 0.47, n = 13) in the surface layer. Under such condition phytoplankton appears as the dominant component of community respiration consuming 14 % of GPP. During penods of upwelling relaxation respiration was high relative to GPP High water column respiration rates extending occasionally down to 40 m took place at the expense of organic matter trapped inside the bay. The seasonal breakdown of thermal stratification in autumn presented a relationship between surface respiration and chlorophyll a or GPP similar to that observed during upwelling events. The large excess primary production during this period was not remineralised inside the ria, suggesting that a large fraction may be exported towards the shelf.
INTRODUCTION
matter in marine ecosytems and their ratio is an important ecological index which defines the trophic status Primary production and respiration are the 2 fundaof biological communities. In marine pelagic systems mental biological processes driving the flwes of organic with limited external inputs of organic matter, phytoplankton primary production is the principal source of organic carbon and the balance between the 2 pro-and community respiration is subject to a number of physical and biological interactions which cause the 2 processes to be separated in time and space (Williams 1984 , Smith & Kemp 1995 . While measurements of primary production have been carried out routinely in the marine environment for several decades (Peterson 1980) , it is only comparatively recently that sufficiently precise and automated methods for oxygen determination have made intensive measurements of respiration rates possible (Kuparinen 1987 , Kenney et al. 1988 , Jensen et al. 1990 , Griffith et al. 1990 , Kemp et al. 1992 , Blight et al. 1995 . For this reason, the factors controlling the seasonal and short-term balance between primary production and respiration processes in marine pelagic systems are still poorly understood (Sherr & Sherr 1996 , del Giorgio et al. 1997 , Geider 1997 ).
The Rias Baixas are 4 coastal indentations along the NW coast of the Iberian Peninsula, an area of active upwelling located at the northern boundary of the NW African upwelling system. These embayments function as partially stratified estuaries (Bowden 1980) . During the upwelling season from April to September, runoff and river discharge are at their seasonal nlinimum (Nogueira et al. 1997) , and the 2-layer circulation is largely controlled by the fluctuations of wind-driven upwelhng processes on the shelf (Roson et al. 1995 , Alvarez-Salgado et al. 1996a . As a consequence, during the upwelling season, the Rias Baixas can be considered as an extension of the shelf. During periods of low wind stress, the exchange rate between the rias and the ocean is minimum (Alvarez-Salgado et al. 199613) and the slow residual circulation pattern allows for the development of a strong thermal stratification (Nogueira et al. 1997) . Intensification of the dominant northerly winds drives surface water away from the coast inducing the upwelling of Eastern North Atlantic Central Water (ENACW) onto the shelf (Fraga 1981 , Rios et al. 1992b , PBrez et al. 1995 . This circulation pattern enhances the 2-layer positive circulation and results in the inflow and upwelling of cold and nitraterich ENACW inside the rias. Conversely, the immediate relaxation of upwelling-favourable winds or the onset of downwelling-favourable winds causes ENACW to withdraw to deeper depths and oceanic surface waters to move towards the coast. This results in the formation of a convergence front along the coast (Blanton et al. 1984 , Castro et al. 1994 . Its location on the shelf will depend on the balance between river discharge and wind stress. Hence, under conditions of strong southerly winds, a downwelling front is observed inside the rias (Tilstone et al. 1994 , Alvarez-Salgad0 et al. 1996b , Fermin et al. 1996 . During a typical year, strong downwelling-favourable winds are mainly observed at the end of the upwelling season in autumn while succession of upwelling stress-relaxation cycles with a 2 wk frequency is the normal pattern during spring and summer. The resulting situation whereby cycles of stratification-destratification are superimposed on a marked seasonal cycle makes the Rias Baixas an ideal site for studying the coupling between physical and biological processes.
The fertilisation of the rias by upwelling processes leads to their high productivity. The overall control of the hydrodynamic regime on biological activity inside the rias has been particularly well studied with regards to phytoplankton succession (Figueiras & Pazos 1991 , Figueiras & Nos 1993 , bacterial abundance (Zdanowski & Figueiras 1997) , mussel secondary production (Tenore et al. 1982 , Blanton et al. 1987 ) and certain aspects of biogeochernical cycles in the rias (Prego 1993 , 1994 , Alvarez-Salgado et al. 1996a . On a larger scale, the influence of the high productivity of the Galician Rias extends to the nearby Atlantic shelf, where part of the high biomass produced in the rias is exported and remineralised , Prego & Bao 1997 ) leaving a distinct signature on the distribution of the chemical (Fraga 1981 , Alvarez-Salgado et al. 1993 and biological (Estrada 1984) characteristics of the open shelf waters.
In this study we report the results of an intensive measurement series of pelagic community oxygen production and respiration rates carried out during an entire upwelling season at a time-series station in the Ria de Vigo, the southernmost of the 4 Rias Baixas. The experimental work was superimposed on an on-going long-term monitoring of the basic hydrographic properties at this station since 1987 (Nogueira et al. 1997) . Annual cycles of primary production have been studied on 2 occasions in the Ria de Vigo either based on carbon-14 uptake (Fraga 1976) or using a 2-dimensional steady-state box model (Prego 1993) . Both studies however were based on sampling frequencies greater than 1 mo, which would not be representative of the expected hydrographic variability. The sampling frequency of twice a week used in the present study allows us to resolve the short-time-scale dynamics of primary production during the upwelling season. This study is to our knowledge the first to address both the seasonal and the short-time-scale coupling of microplankton primary production and respiration in a coastal upwelling system.
MATERIAL AND METHODS
Sampling and hydrographic data. Sampling was carried out twice a week (between 09:OO and 10:30 h local time) from 15 April to 11 November 1991 at a time- Samples were collected from the small research boat 'Lampadena' of the Instituto de Investigaclons Mariiias with 5 1 PVC Niskin bottles equipped with rotating thermometer frames. Three depths were sampled: surface, 1 % light depth ( l "/o LD) determined by a LICOR underwater quantum sensor, and 40 m (8 m above the sea floor). Salinity was calculated from Eq. (6) in UNESCO (1981) from conductivity measurements made with a n AUTOSAL 8400A salinometer. Density anomaly was calculated from Eq. (9) in UNESCO (1986) . Aliquots for nutrient determination were frozen at -20°C after sampling and analysed by a Technicon AA11 segmented-flow-analysis system (Hansen & Grasshoff 1983) with some modifications (Mouririo & Fraga 1985 , Alvarez-Salgado et al. 1992 . In situ chlorophyll a (chl a) concentration was determined after filtration through Whatman GF/F filters by the fluorometric method (Yentsch & Menzel 1963 ) using a Turner Designs 10000R fluorometer. The values were not corrected for phaeopigment content.
Upwelling index and runoff. Offshore upwelling indices (Iw) at 43" N, 11" W were obtained by the Instituto Espaliol de Oceanografia in Vigo and were calculated according to Woodster et al. (1976) :
where p, is the density of air, 1.22 kg m-3 at 15OC; C is an empirical drag coefficient (dimensionless), 1.3 X 103 according to Hidy (1972) ; IVI is the wind speed; and V, is the north component of wind speed; f is the Coriolis parameter, 9.946 X 10-5 S-' at 43" latitude; p , is the density of water, 1025 kg m-3. Daily averages of geostrophic wind velocity at 43ON, 1 l 0 W (Stn G1) deduced from surface pressure charts were used (Bakun 1973) . This index, equivalent to the Ekman transport, provides an estimation of the water flow (m3 S-') upwelled per km of shoreline due to wind stress, with negative values indicating downwelling. In the context of our study Iw was averaged over the 3 d prior to sampling (Alvarez-Salgado et al. 1996a) . The runoff in the drainage basin up to the TSS was calculated as a function of precipitation according to Rios et al. (1992a) .
Production and respiration rates. Daily photosynthetic and respiration rates of the microplankton community were estimated with the oxygen light-dark bottle method (Strickland & Parsons 1972) . The content of 3 Niskin bottles was collected from each depth and pooled in darkened carboys. From 15 April to 3 September, water samples were prefiltered through 150 pm mesh. After 3 September the samples were incubated without prefiltration. Additional experiments with 150 p m pre-screened samples carried out once a week during this period showed no significant difference with the whole water samples. The carboys were gently shaken before subsampling to prevent the sedimentation of particulate material. Series of nine 120 m1 Winkler bottles composed of triplicate initial, light and dark subsamples were then filled by siphoning. Subsamples for chlorophyll determination were drawn at the end of each series and analysed as above. Following subsampling, initial, light and dark bottles were kept in similar dark and cool conditions, immersed in sea water, until the incubation was ready to start (within 2 to 3 h after sampling). Light and dark bottles were then incubated in situ from a floating line for 24 h. The initial bottles were fixed on board within half an hour of the start of the incubation. Dark and light bottles were fixed 24 h later in similar conditions.
Oxygen titration was performed by a SIS microprocessor-controlled titrator system using the colou.rimetric Winkler method following modifications by Carrit & Carpenter (1966) . Rates of microplankton net community production (NP), gross primary production (GPP) and dark community respiration (DCR) were calculated from the mean oxygen concentrations of the triplicates initial, light and dark subsamples and expressed in pM O2 d-l. The detection limit of the method was typically < 2 ~J M O2 d-l. The precision on oxygen determination among replicates averaged 0.3% for initial samples and 0.4 % for incubated samples. Anomalies in oxygen production (oxygen concentration in 'dark bottles' was significantly higher than in 'light' or 'initial' series; Dugdale & Wallace 1960) were occasionally observed during the summer in samples from the 1 % LD and 40 m. Significantly higher oxygen concentration in dark replicates relative to light replicates was observed in 6% of the 350 paired light and dark replicates analysed during the study and averaged 3.7 * 2.7 pM 02. More than half of these anomalies occurred at 40 m (incubated below the 1 % LD), therefore excluding the hypothesis that a light-related mechanism (e.g. light-enhanced rnicroalgal respiration) was responsible. Although the cause of the anomaly has not been clearly identified it was found that the variability among dark replicates in the series sampled from the 1% LD and from 40 m was significantly higher on the dates when anomalies were observed (non-parametric Kolrnogorov-Smirnov test, p < 0.01). In contrast samples from the surface layer showed no significant difference, giving reason to believe that oxygen production rates at the surface were not affected. Since on all occasions net oxygen consumption was observed in the 'light' bottle series, respiration rates at 40 m on the dates with apparent oxygen production in the dark were calculated from the oxygen decrease observed in the 'light' bottle series. A similar correction was applied to the affected series from the 1 % LD (n = 8) although in this case, as significant gross photosynthesis is likely to have taken place, both DCR and GPP are probably underestimated. Observation of trends within the whole timeseries suggested that the underestimation of DCR and GPP at the 1 % LD on those dates was unlikely to have exceeded the detection limit of our technique.
Seasonal average oxygen production was converted to equivalent carbon production using photosynthetic quotients (PQs) of 1.1 and 1.4 rather than assuming a single average PQ. This seems appropriate in order to account for the variability in PQs associated with variable nitrogen nutrient sources (Laws 1991 , WilLiams & Robertson 1991 in a system where both nitrate and ammonium might support a significant fraction of phytoplankton production (Alvarez-Salgado et al. 1996a,b) .
RESULTS

Physico-chemical characterisation of the upwelling-relaxation cycles
The distribution of off-shore upwelling indices (Iw) in 1991 (Fig. 2a) was characterised by a predominance of upwelling-favourable conditions (as inferred by positive Iw) over the major part of the period of survey. However wind stress was highly variable and periods of strong northerly winds (Iw above 500 m3 S-' km-') alternated with penods of low or negative Iw. As a result, 7 major upwelling-relaxation cycles can be identified between April and September (Fig. 2a) . The consequence of coastal upwelling on the hydrography inside the ria can be traced from the evolution of water density anomaly at the time-series station (TSS) (Fig. 2b) . Density anomalies greater than 26.9 are characteristic of Eastern North Atlantic Central Water (ENACW) that upwells from 150 to 200 m over the Galician shelf before being advected alongside the bottom of the bay (Fraga 1981 , Alvarez-Salgado et al. 1993 . Periods of high positive Iw corresponded with the presence at 40 m of water with density anomalies greater than 26.9, indicating an inflow of ENACW inside the bay. The subsequent upwelling of ENACW at the level of the TSS is clearly observed for each of the 7 upwellingrelaxation episodes identified in Fig. 2a . Maxima of upwelling forcing inside the bay (marked by an arrow in Fig. 2b ) can usually be identified by sinlultaneous density maxima at the surface and at 40 m as the deep cold water is advected into the euphotic zone (Fig. 2c) . The cessation of upwelling-favourable conditions led to a decrease in bottom water density, indicating the retreat of ENACW from the ria. Prolonged periods of low wind stress were associated with an increase in surface temperature and with the strengthening of the water column stratification (Fig. 2c) . Overall, from 15 April to 19 September, 59 and 29% of the variance of log-transformed gamma-t values at 40 m and at the surface respectively were accounted for by variations of Iw (p < 0.001, n = 45). The relationship was poor after 19 September when h g h runoff caused by heavy rainfalls became the main forcing agent of estuarine circulation (Fig. 2a) . The time-course of nitrate and ammonium concentrations (Fig. 3 ) also reflected the short-term succession of upwelling-relaxation events in the ria. Inflows of nitrate-rich ENACW fertilised the bay with high concentration of nitrate reaching values greater than 6 pm01 kg-' at 40 m. On most occasions upwelling resulted in marked pulses of high nitrate concentration in the photic layer. Conversely during periods of low wind stress ammonium concentrations typically increased at 40 m to become the dominant inorganic nitrogen form in the bottom layer. The depth of the 1% isolume which was taken as the definition of the euphotic zone ( Fig. 3c ) varied between 5 and 22 m and averaged 12 & 4 m over the period of survey.
Temporal patterns in the wind regime and the evolution of the seasonal thermal stratification led to the distinction of 4 sub-periods. Period I, defined from 15 April to 31 May, was characterised by persistent upwelling-favourable conditions which maintained nitrate-rich ENACW inside the ria. The water column was initially weakly stratified. Wind intensification resulted in the rapid uplift of ENACW into the euphotic zone on 22 April and 6 to 20 May (Events 1 and 2) and nitrate concentrations increased up to 2-3 pm01 kg-' in the surface layer. The relaxation of wind stress at the end of the period allowed for the rapid establishment of seasonal thermal stratification with surface tempera- ). During Period 11, defined from 1 June to 7 August, intermittent relaxation and weak reversal of the dominant upwelling-favourable winds were observed with a periodicity of about 2 wk (Fig. 2a) . The alternation in the wind regime resulted in 4 marked upwelling-relaxation events in the ria on 6 June (Event 3), 17 to 20 June (Event 4), 4 July (Event 5) and 18 to 22 July (Event 6). The resulting hydrographic variability contrasted with the spring period. The intensity of the 4 upwelling events was variable although never strong enough to completely destroy the thermal stratification. For the strongest events (Events 4 and 5) surface temperature dropped by 2.5 to 3.5OC and surface nitrate concentration increased above 2 pm01 kg-'. The last event of the period (Event 6) was weak and upwelling was only detected in the lower part of the euphotic zone. Relaxation from upwelling led to the outflow of ENACW from the ria and to its replacement by a warmer (13.1 to 13.g°C) and nitratepoor (2.7 to 3.8 pm01 kg-') water on 10 June, 8 July and 29 July to 1 August. High thermal stratification was generally re-established a week after cessation of upwelling. The late summer period (Period 111) from 8 August to 19 September corresponded to an hydrographic sequence often associated with red tide development in the Rias Baixas (Fraga et al. 1988 , Tilstone et al. 1994 , Pazos et al. 1995 .
A strong upwelling event centred on 12 August was followed by a lasting period of low wind stress from 22 August to 9 September (Fig. 2 ). Temperature increased at the 3 depths sampled, reaching a seasonal maximum of 21.0°C at the surface and 16.3"C at 40 m while a strong temperature gradient developed below the 1 % LD. Nitrate became depleted down to the l % LD (ca 10 m) while increases in ammonium concentration were occasionally observed at the surface and at the 1 % LD towards the end of the relaxation period. A remarkable feature of this late summer period was the steady increase in ammonium concentration in the deeper layer from 1.2 pm01 kg-' on 12 August to 8.4 pm01 kg-' on 9 September. All these observations point to an important decrease of the exchange rates in the ria. The autumn period (Period IV) from 20 September to 11 November corresponded to the seasonal breakdown of thermal stratification. Weak but persistent northerly winds from 20 September to 27 October contributed again to the uplift of the colder deep water to the surface and to the rapid decrease of thermal stratification from 20 September to 14 October. A water column density gradient was maintained due to the increase in freshwater runoff during this period (Fig. 2a) . The time-course of nutrients was characteristic of the autumn-winter tran-] PERIOD I I PERIOD II I PERIOD Ill I PERIOD IV gust, and mainly Skeletonema costaturn in autumn. Chl a tended to be lower during the main summer period and, although blooms of minor amplitudes were observed, maximum concentrations remained below 10 1-19 I-'. At 40 m, chl a was generally low, averaging 2.1 pg I-' (range: 0 to 6.6 pg I-'). Higher concentrations (>4 pg 1-l) were observed following the blooms in April-May and in August and between the 2 upwelling events in July, suggesting that significant sedimentation was taking place in the ria. On the other hand concentrations remained remarkably low in June and during the entire period of the autumn bloom in September.
The evolution of gross oxygen production rates (GPP) in the surface layer ( Fig. 5a ) exhibited a similar pattern to that of chl a. High GPP (maxima up to 82-123 pM O2 d-' ) was measured during the spring and autumn blooms and during the upwelling event in August. It should be noted that, during the spring, the lack of primary production measurement on the 2 dates when chl a was maxirnun would result in an under- During the main summer period GPP of the 1 % isolurne was lower (Table 1 ) with values ranging from 1 2 to 58 FM O2 d-'. sition period of temperate systems with a rapid replenThe relationship between GPP and chl a at the ishment of the euphotic zone in nitrate (>3.5 pm01 kg-' surface was highly significant ( Table 2 ). The relafrom 30 September onwards). Ammonium concentratively high value calculated for the slope (equivalent tion was also high particularly at the surface ( > l pm01 to ca 73 to 93 pg C pg-' chl a d-' assuming PQ kg-') although more variable with important increases values of 1.1 to 1.4) indicated that the phytoplankton being observed in the entire water column concomitant populations sampled were generally healthy alwith periods of high runoff.
though the poor significance of the intercept indicated that substantial variability existed at low biomass. Overall such relationship suggests that a large Chlorophyll and gross primary production proportion of the variability of chl a concentration was controlled by in situ growth. One outlying point
Chl a concentration averaged 6.0 + 4.2 pg 1-' (range: (excluded from the regression line calculation) corre-0.2 to 17.5 pg 1-l) and 4.8 i 4.8 pg I-' (range: 0.2 to sponded to the sample of 9 September when high chl 22.2 pg I-') respectively at the surface and at the l % LD a (12 1-19 I-') was associated with low GPP (23.5 pM over the period of study (Fig. 4) . The highest concentra-O2 d-l). Between 5 and 9 September a sudden tions (> 15 pg I-') were observed during 2 lasting blooms change of phytoplankton community from a dinoflain April-May (Period I) and in September (Periods I11 gellate-to a diatom-dominated comnlunity was oband IV), and during the late summer upwelling event at served (Figueiras unpubl.) . The dominant diatom the beginning of Period I. All 3 blooms were comspecies Skeletonema costatum was unrecorded at the posed almost exclusively of diatoms and were domi-2 photic depths sampled 4 d before suggesting that nated by small Chaetoceros spp. cells in April-May, a the high biomass recorded at the TSS on 9 Septemmixed diatom assemblage of small centric diatoms, ber was proceeding from the advection of a seneslarge Chaetoceros spp. and large centric diatoms in Aucent bloom. The addition of a wide range of environmental variables such as incident irradiance, temperature, stratification or nutrient concentrations did not significantly increase the proportion of explained variance of GPP already accounted for by chl a concentrations. It was noted that while each upwellingrelaxation event was associated with an increase in GPP there was no consistent pattern relating the magnitude and timing of these increases relative to the hydrography and nitrate input into the euphotic layer.
At the 1 % LD, GPP was on average an order of magnitude lower than at the surface (Table 1) . The relationship between GPP and chl a was significant but weak (Table 2) . Although populations at the 1 % LD were certainly light limited, irradiance had no detectable effect on the relationship between GPP and chl a. On the other hand, the proportion of explained variance was significantly higher when both temperature and chl a were considered in the regression equation.
Assuming a range of PQs of 1.1 to 1.4, the average GPP for the period of survey corresponded to an equivalent gross photosynthetic carbon production of 320 to 407 mg C m-3 d-' at the surface and 30 to 38 mg C me3 d-' at the 1% LD. The mean between these 2 values integrated over the average depth of the euphotic zone during the period of survey (12 * 4 m) gave an estimated seasonal rate of integrated GPP of 2.1 to 2.7 g C m-2 d-' (245 mm01 O2 m-' d-l). This corresponded to a total GPP of 441 to 561 g C m-2 for the period of sampling.
Respiration rates
The time-course of dark community respiration (DCR) rates exhibited considerable short-term variability, particularly pronounced during Period I1 (Fig. 5b) . In contrast DCR tended to be low and uniform during spring (Period I) and autumn (Period IV). With very few exceptions, DCR decreased with depth giving an average respiration of 2-and Table 1 . Mean and standard deviation of gross primary production (GPP), chlorophyll-specific GPP (GPPcM), dark community respiration (DCR) and net oxygen production (NP) at the surface, 1 % Light depth (LD) With the exception of the last upwelling event of the summer, periods of upwelling forcing were characterised by low DCR at all depths (< 10 pM O2 d-l at the surface, c 5 pM O2 d-l at l % LD and <2 pM O2 d-l at 40 m). In contrast, the upwelling event on 12 August was associated with a sharp increase in respiration at the 3 depths sampled. Since, due to foggy weather conditions, the incubation time of this experiment had to be extended to 48 h, the results obtained should be considered with caution. Nevertheless it is also possible that exceptionally high respiration rates measured in the upwelled water (12.4 pM O2 d-l at 40 m) were the result of enhanced in situ remineralisation associated with sediment resuspension by strong upwelling (Alvarez-Salgado et al. 1996b) .
DCR was generally high during periods of nonupwelling forcing although in this case considerable variability was observed. High respiration activity was mainly observed in the surface layer. Maximum values were observed in June and September (up to 46.5 and 38.5 FM Oz d-' on 25 June and 19 September respectively). The high value in September is particularly remarkable since it was reached at the end of a long period of low wind stress and high stratification during which DCR increased almost linearly with time and temperature in the surface layer. On 2 noticeable occasions in July high DCR rates were observed concomitantly at the surface, 1 % LD and 40 m, implying a major intensification of oxygen consumption in the ria. They took place during the relaxation phase of upwelling Events 5 and 6 when relatively warm, nitratepoor waters were present down to 40 m. Interestingly, these waters were also rich in chl a and were particularly well oxygenated (105 to 123 % of oxygen saturation at the l % LD, and 90 to 100 % of oxygen saturation at 40 m).
Relationships between respiration, primary production and environmental variables DCR exhibited significant relationships with temperature and chl a ( Table 3) . When data from the 3 depths sampled were analysed together, both temperature and chl a accounted for a significant proportion of the total variance of DCR. However the strength of the correlation between temperature and DCR decreased with depth, being highly significant at the surface, significant but weak at the 1 % LD and not significant at 40 m. In contrast, the correlation between chl a and DCR was stronger at the 1 % LD and 40 m than at the surface, where only 8 % of the total variance of DCR was accounted for by chl a. Stepwise multiple regression analysis was used to investigate potential interactions between chl a or GPP and temperature in the control of respiration rates. It resulted in no further increase of the explained variance at the surface and at 40 m (Table 3) . On the other hand, at the l % LD and when data from the 3 depths were compiled together, both chl a and temperature contributed independently for a significant proportion of the variance of DCR. On all instances the best fit model was linear ( Table 3) . The scatter plots of DCR versus chl a and versus GPP (Fig. 6 ) provide some interesting information about the short-term coupling between phytoplankton production and community respiration in the surface layer. For clarity, data corresponding to Period IV are presented on separate plots (Fig. 6c,d ) from data collected during Periods I to I11 (Fig. 6a,b) . During Periods I to I11 considerable scatter was observed in the relationship between DCR and chl a (Fig. 6a) and between DCR and GPP (Fig. 6b) . However we noted that data points associated with periods of moderate to strong upwelling (that is events strong enough to induce a significant decrease in surface temperature) and distinguished by open symbols on Fig. 6 exhibited strong linear relationships between the variables. With the exclusion of 2 outliers ( l ? June and 1 July) which corresponded to the early stage of Events 4 and 5, the regression equations (reduced major axis model) of DCR versus chl a and of DCR against GPP within this group (n = 13) indicated a low residual oxygen consumption (0.9 to 1.3 pM O2 d-l) and a phytoplankton-dependent respiration rate of 1.0 * 0.3 pm01 O2 pg-' chl d-' or 0.14 * 0.04 of GPP. Remarkably similar functional relationships between DCR and chl a and between DCR and GPP were also observed for the whole of Period IV (Fig. 6c,d ).
Microplankton net community production
Net daily oxygen production (NP) averaged over the sampling season indicated net autotrophy of +25 pM O2 d-' at the surface and slight net heterotrophy at the level of 1 % LD (Table 1) . At 40 m, NP did not differ significantly from DCR. At the surface only 11 of the 50 observations showed a negative oxygen balance after 24 h incubation (Fig. 7) . Significant net heterotrophy at the surface was mainly observed during periods of high stratification in June and July, reaching values of -21 pM 0, d-' on 25 July and -10 to -15 pM O2 d-l on 11 to 15 July. At the l % LD, only 8 out of 50 observations showed net oxygen production after 24 h, with higher values being grouped in autumn (Period IV). This indicates that, during the major part of the upwelLing season, the microplankton community compensation point was located above the 1 % LD.
The overall seasonal distribution of NP presented 2 clear maxima during Periods I and IV (Fig. 7, Table 1 ). The mean between seasonal average NP at the surface and at the 1 % LD integrated over the depth of the euphotic zone gave an estimated in- 
DISCUSSION
Phytoplankton production during the upwelling season 1991
The overall seasonal evolution of the hydrographic parameters and phytoplankton biomass during the 1991 field study followed the typical pattern previously described for the Ria de Vigo during the upwelling season (Margalef 1958 , Nogueira et al. 1997 . Maxima of biomass (chl a > l 5 pg 1-l) and photosynthetic production (GPP > 80 p M O2 d-') occurred during the early spring and the early autumn, preceding the spring thermal stratification and the autumn thermal homogenisation as typically observed in most temperate coastal ecosystems. During the summer, episodic increases in phytoplankton production and biomass of variable intensity were closely related to the upwelling of nutrient-rich water into the euphotic zone.
The level of primary production en- ously reported for the Ria de Vigo. Both d~screte rates in the surface layer and seasonal estimates of GPP were at least twice as high as that observed at an inner station in the Ria de Vigo and based on carbon-14 uptake (Fraga 1976) . A number of methodological uncertainties have long been associated wlth both carbon-14 and the oxygen light-dark bottle techniques (Peterson 1980 , Williams 1984 . For the oxygen technique the main uncertainty relates to the effect of artificially prolonged dark treatment on the metabolic activity and trophic relationships of natural microplankton communities. A recent study of oxygen consumption in the dark (Pomeroy et a.1. 1994) showed that although oxygen decrease was often non linear over 24 h the absolute difference between 12 and 24 h incubation periods was small (averaging *28% or 1.4 pM O2 d-l) and exhibited no systematic trend. It is therefore unltkely that such bias would have introduced a large systematic error on our GPP rates. Also while it is now well established that early 14C-uptake methodology tended to underestimate primary production (Peterson 1980) it is unlikely that methodological bias alone was responsible for the differences observed between the 2 studies c0nsiderin.g that the sta.tion sampled in Fraga's study was located in an area of the ria where product~.on is usually maximal (Prego 1993) . The high sampling frequency used in the present study (3 to 4 d) compared with the reference study (monthly sampling) would have minimised the error associated with temporal undersampling, which can reach +35 % for monthly sampling intervals in vanable ecosystems (Taylor & Howes 1994) . Interannual variability in the wind regime can also be an important source of yearto-year variability of phytoplankton production in upwelling areas (Barber & Smith 1981) . Intensive seasonal measurements of primary production within the Iberian upwelling system are yet too scarce to quantify this effect on phytoplankton production. However, such a relationship was implied by the results of Blanton et al. (1987) , showing that a 2-fold year-to-year variation of the meat quality of harvested m.ussels in the rias could be accounted for by interannual variations in upwelling intensity along the Galician coast. Although several recent studies have pointed to the occurrence of a long-term increase in upwellingfavourable winds in this area (Fraga & Bakun 1993 , Binet 1997 , Nogueira et al. 1997 , the wind regime in 1991 could be considered typical for the NW Iberian upwelling system with a mean Iw from April to September (+394 m3 S-' km-') very near the 16 yr average presented by Blanton et al. (1987) for the same period of the year from 1969 to 1985 (+379 * 182 m3 S-' km-').
The oscillations in alongshore wind stress also presented the typical period of 10 to 20 d (Bla.nton et al. 1987) . Since runoff and insolation tend to covary with poleward wind trends in this area, seasonal primary production rates measured in 1991 should therefore be representative of a typical upwelling season. A seasonal mean rate of integrated gross production of 2.1 to 2.7 g C m-2 d-' was estimated in the present study. Although this estimate should be considered carefully because of the lack of sampling resolution in the euphotic zone, it constitutes to date the best estimate of seasonal integrated GPP for the Ria de Vigo. The accuracy of this estimated seasonal integrated GPP was tested by using the results from a recent study of photosynthesis in the Ria d e Vigo (Figueiras unpubl.) . Integrated GPP rates calculated by linear interpolation between surface and 1 % LD discrete values were compared with integrated rates calculated from the light attenuation profile and photosynthetic parameters derived from photosynthesis versus irradiance curves. The data set covered spring, summer and autumn periods and included distinct upwelling and relaxation phases. It was found that linear interpolation overestimated water column primary production by on average 18% but by no more than 22%. We can therefore be confident that the possible overestimation of seasonal integrated GPP in the present study would not have exceeded this figure. The seasonal rates reported here are in very good agreement with the seasonal average of 2.1 g C m-' d-' derived from intensive I4C-uptake measurements series in the middle segment of the nearby Ria de Arosa during the upwelling season (1989) (Alvarez-Salgado et al. 1996a) . Comparison with other upwelling systems for which primary production was measured over either complete upwellingrelaxation cycles or entire upwelling season indicated that the rate of primary production in the Ria d e Vigo is comparable to averaged values recently reported for the NE Pacific (2.6 g C m-'d-'; Pilskaln et al. 1996) , NW African (0.7 to 4.7 g C m-' d-l; Minas et al. 1986 ) and Benguela (Hopkinson 1985 , Kuparinen 1987 , Jensen et al. 1990 , Kemp et al. 1992 , Blight et al. 1995 . Though short-term variability of respiration rates as high as that observed in the present study has not been previously reported, the vertical and longterm seasonal distribution of DCR in the Ria de Vigo presented an overall pattern similar to that observed in another seasonally stratified coastal system in the Baltic Sea (Kuparinen 1987) . On average oxygen consumption was higher during the thermally stratified season (June to September) than during spring and autunm and this pattern was mainly observed in the surface layer.
Both physical and biological factors were important in explaining the seasonal and vertical distribution of DCR in the Ria de Vigo. Over the period of sampling, half of the total variance of DCR could be accounted for jointly by temperature and chlorophyll concentration. However the relative importance of these 2 variables was different for the 3 depths studied. In the surface layer temperature was the most important factor explaining 25 % of the temporal variations of DCR, while in the bottom layer only chlorophyll accounted for a significant proportion (35 %) of the variations of respiration. At the 1 % LD both variables were equally important and accounted jointly for 55 % of the variations observed. Remarkably a similar vertical segregation in the relative importance of biological and physical factors was obtained for bacterial abundance in a contemporaneous study carried out in the Ria de Vigo (Zdanowsky & Figueiras 1997) . Since in both studies temperature and chlorophyll concentration had a positive effect on either respiration or bacterial abundance, the parallel between the two points to a significant contribution of bacterial respiration to the seasonal distribution of DCR in both the euphotic and aphotic layers. This is in good agreement with previous studies that have shown the importance of free-living bacteria in the distribution of pelagic respiration in various coastal areas (Kuparinen 1987 , Griffith et al. 1990 , Blight et al. 1995 . The significant correlation between respiration and chlorophyll concentration in the aphotic layer implies that heterotrophic activity in the bottom layer was primarily controlled by the supply of organic substrate from sedimenting phytoplankton biomass. However we noted that the relationship between respiration and chl a was more scattered at the highest chlorophyll concentrations (3.0 to 6.6 pg l-l), suggesting that other factors probably related to the quality and lability of the sedimented material were also important in controlling the rate of oxygen consumption in the aphotic layer.
The significant correlation between DCR and temperature in the surface layer reflected the importance of physical factors in the control of heterotrophic activity in the euphotic zone in the Ria de Vigo. The absence of a stronger relationship between DCR and phytoplankton biomass or production in the surface layer may at first seem surprising in a system dominated by phytoplankton production (Blight et al. 1995) . Stronger correlation with temperature rather than phytoplankton biomass or production have often been observed in coastal systems where allochthonous sources of organic matter dominates over in situ production (Hopkinson 1985) . However this is not the case in the Ria de Vigo, where inputs of terrestrial and anthropogenic organic matter to the middle segment of the Ria de Vigo are negligible compared with in situ phytoplankton production (< 2 %; Prego 1993). On the other hand a significant correlation between surface respiration rates and temperature in upwelling systems could reflect the dominant role of upwelling processes in controlling the degree of coupling between phytoplankton production and heterotrophic consurnption. Close observation of the scatter plots between DCR and chl a or GPP in the surface layer clearly showed 2 contrasting situations between periods of upwelling forcing and periods of upwelling relaxation. Both situations were characterised by a similar range of chl a concentrations but exhibited marked differences in the balance between primary production and community respiration. In situations of strong or moderate upwelling the microplankton community exhibited low but phytoplankton-dependent respiration rates. With the exception of 2 outliers the linear relationships between DCR and chl a concentrations and between DCR and GPP (R2 = 0.5, n = 13) defined a minimum 'basic' community respiration rate which could be statistically decomposed into a residual respiration rate of ca 1 pM 0, d-I and a phytoplankton-dependent oxygen consumption of 1.0 i 0.3 pm01 0, pg-' chl a d-l or 14 * 4 % of GPP respectively. In contrast, in situations of upwelling relaxation or weak upwelling DCR was high relative to chl a concentration and the scatter between DCR and GPP was closer to the line of balance metabolism where DCR = GPP. This pattern is consistent with observations of phytoplankton succession in the ria, which showed that complex mixed communities of autotrophic and heterotrophic species dominate in the surface layer under conditions of reduced coastal upwelling while essentially autotrophic diatom-dominated communities become dominant during upwelling events (Figueiras & Pazos 1991 , Figueiras & Rios 1993 . The 2 exceptions to the low respiration rates in upwelled waters corresponded to the early stage of 2 of the summer upwelling events and could therefore have reflected a transition stage between these communities. The large scatter characterising the relationship between DCR and chl a or GPP under conditions of reduced coastal upwelling indicated that the degree of heterotrophy of the micro-plankton communities can vary widely. This variability agrees well with the description of horizontal trophic sequence in upwelling areas (Vinogradov & Shushkina 1978) . The fact that these variations were sometimes observed on a short daily time-scale at the time-series station was very likely due to the advective transport of surface waters. Part of this variability should therefore be not only representative of the temporal evolution of microplankton communities following upwelling but also of spatial heterogeneity in the ria.
Significant net heterotrophy during the summer suggested that substantial heterotrophic production must have been supported by organlc substrates derived from earlier phytoplankton production trapped inside the bay once upwelling had stopped. Recent seasonal studies have underlined the importance of biologically produced dissolved organic material in the Galician Rias and Linked it to the large presence of hanging mussel culture in these bays. Alvarez-Salgado et al. (1996a) showed that on average 58 % of the pelagic net community nitrogen production was transferred to the dissolved organic pool in the h a de Arosa. In the Ria de Vigo the production of labile and semi-lab~le dissolved organic carbon represented about 23 % of net primary production (Doval et al. 1997 ). Hanging mussels can contribute to the trapping of phytoplankton production produced during upwelling events and to its release in the water column as dissolved organic matter (AlvarezSalgado et al. 1996a) . Excretion products would be expected to accumulate in situations of reduced estuarine circulation in the ria and could form the start of a food chain of a more heterotrophic character. This is an important consideration since the flux of regenerated nutrients to the euphotic zone under conditions of high stratification is thought to play an important role in the development of red tides in the Galician Rias (Tilstone et al. 1994 , Pazos et al. 1995 . Remineralisation in the euphotic zone of a pool of organic matter originating from earlier diatom production could provide an important source of nutrient for phytoplankton production during periods of upwelling relaxation.
The phytoplankton-dependent respiration rate derived from the linear relationship between DCR and chl a concentrations during upwelling events in the ria is within the range of maximum chlorophyll-specific dark respiration rates for cultures of diatom species (DRCh': 0.6 to 1.3 pm01 O2 pg-I chl a d-l) calculated from the data compiled by Langdon (1993) . Similar values were also observed in the North Sea for microplankton communities dominated by diatoms (Iriarte et al. 1991) . The slope of the relationship between DCR and GPP indicated that 14 + 4 % of GPP was lost through community respiration. This value agrees also well with results from the NW African upwelling system, where natural phytoplankton assemblage dominated by diatoms respired on average 13 % of the previously fixed photosynthetic carbon (Smith 1977) . It is also within the range of the DCR:GPP ratio of 10 to 20 % observed during the spring diatom bloom in the Baltic Sea (Kuparinen 1987) . It is th.erefore likely that variations of DCR in the upwelled waters were mainly due to phytoplankton respiration. Interestingly similar conclusions can be reached for the extended period of the autumn bloom at the end of the upwelling season. The bloom was dominated by diatoms and took place during a period of enhanced estuarine circulation generated by a combination of moderate northerly winds and high runoff which led to th.e seasonal breakdown of thermal stratification. DCR was remarkably low in the surface layer and presented a linear relationship with phytoplankton biomass and production which was not significantly different from that observed in upwelled waters during spring and summer. These results imply that the proportion of GPP respired by microheterotrophs during upwelling events and during the autumn bloom was probably low. Although this is in contrast with situations observed across a wide range of aquatic systems (Cole et al. 1988 , del Giorgio et al. 1997 , it concords with reports of low bacterial respiration and production relative to phytoplankton production during diatom spring blooms in temperate and subpolar area (Kuparinen 1987 , Cole et al. 1988 , Pomeroy et al. 1991 , Blight et al. 1995 . The reasons for low bacterial activity under such situations are not clearly understood. In the present study the initial effect of dilution by the upwelled water on bacterial biomass (Zdanowsky 81 Figueiras 1997) , the potential effect of low temperature on bacterial metabolism and growth (Pomeroy et al. 1991 ) and the enhanced flushing rate associated with the enhanced positive estuarine circulation preventing the accumulation of dissolved organic substrates (Alvarez-Salgado et al. 1996b) could all have contributed to delay the response of bacterial populations to an increase in phytoplankton production.
Net community production during the upwelling season
In systems dominated by autotrophic processes and with limited allochthonous inputs of organic matter, net community production (NP) integrated over an appropriate time-scale is a measurement of new production (Quifiones & Platt 1991). The ratio of the mean seasonal rates of NP and GPP (NP:GPP) provides a useful estimate of the fraction of total primary production available for export from a given system (equivalent to the f-ratio defined by Eppley & Peterson 1979). We estimated that, over the period of sur-vey, integrated net production in the euphotic zone was 140 mm01 O2 m-' d-l (equivalent to 1.2-1.5 g C m-2 d-1 ), giving an average NP:GPP ratio of 0.57. This value is comparable to that obtained for the nearby Ria de Arosa (Alvarez-Salgado et al. 1996a) using a non-steady state box model and intensive I4C-uptake measurement series. In this case an f-ratio of 0.63 was calculated for an average plankton net cornmunity production of 1.3 g C m-' d-l. Such high f-ratios are characteristic of highly productive marine ecosystems and uncoupled shelf food webs (Eppley 1989 , Walsh 1991 . In the aphotic layer, net oxygen production rates integrated between the 1% LD and 40 m projected a seasonal average net oxygen consumption of -60 mm01 m-' d-l, indicating that the equivalent of 43% of euphotic zone net production was remineralised below the 1 % LD. This figure compares remarkably well with the value of 40% previously estimated for the Ria de Vigo using a steady-state box model (Prego 1993) . It follows that 33% of euphotic zone GPP produced during the period of survey (an estimated 0.7 to 0.9 g C m-' d-l) was not rernineralised in the water column and was therefore available for transfer to higher trophic levels, sedinlentation in the ria and export towards the shelf.
The present study showed that periods of strong or moderate upwelling and the autumn period contributed a high proportion of the total net production measured during the period of survey (41 and 40% respectively in the surface layer). The high rate of net production during the autumn period is particularly remarkable. Unlike the situation observed during the spring and summer when there was some evidence of in situ sedimentation of phytoplankton biomass and remineralisation in the aphotic layer following phytoplankton blooms, the autumn phytoplankton bloom was not followed by an increase in pelagic respiration and there was no evidence of sedimentation of phytoplankton biomass in the ria. High ammonium concentrations during this period could suggest that grazing pressure by macrozooplankton was high. However increases in ammonium concentration tended to coincide with periods of high runoff, suggesting that they originated from the transport of ammonium from the inner part of the ria where seasonal decomposition of large population of macrophytes occurs in autumn (Perez et al. 1992 ) and large quantities of ammonium are released from the sediments (Alvarez-Salgado et al. 199613) . Therefore the large excess production of the autumn bloom in 1991 did not appear to have been remineralised in the ria and was probably exported towards the shelf. This observation implies that the autumn bloom may contribute a high proportion to the annual export of primary production in this area.
SUMMARY AND CONCLUSIONS
This work was to our knowledge the first seasonal study of the short-term coupling between primary production and community respiration in an ecosystem dominated by upwelling processes. The high shortterm variability observed for both primary production and dark community respiration rates stressed the importance of high frequency sampling programmes in this type of environment. Both physical and biological factors were important in controlling the rate of oxygen consumption in the water column. We found that half of the total seasonal and vertical variance of DCR rates could be explained on the basis of a simple relationship with temperature and chl a concentrations. The relationship with temperature in particular suggested that temperature might be a good proxy for more complex physical and biological processes associated with the succession of upwelling and relaxation cycles in the ria. This was particularly evident in the surface layer, where the degree of coupling between primary production and community respiration was strongly influenced by upwelling. The results of this study indicated that during upwelling events respiration losses represented a consistently low percentage of primary production. Although high respiration rates and high DCR:GPP ratios were generally obsenred during periods of relaxation, the seasonal balance between primary production and respiration indicated that a large fraction of phytoplankton production (33 %) was available for export from the water column. Persistent low respiration rates and apparent low sedimentation rates during the autumn period underlined the important contribution of the autumn bloom to the seasonal export of organic matter from the ria.
